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Abstract 

We observed the northern rim of the Cygnus Loop with the Suzaku observatory 
in 5 pointings (P21-P25). From the spatiaUy resolved analysis, all the spectra are 
well fitted by the single component of the non-equilibrium ionization plasma model. 
From the best-fit parameters, we found that the abundances of the heavy elements 
are significantly lower than the solar values except those at the outermost edge in 
P21 and P22. The origin of the depleted metal abundances is still unclear while such 
deficiencies have been reported from many other rim observations of the Loop. To 
explain these depletion at the rim regions, we considered the several possibilities. The 
eflFects of the resonance-line-scattering and the grain condensation lower the values 
of the abundances. However, these are not sufl&cient to account for the abundance 
depletion observed. 

We found that the abundances at the outermost edge in P21 and P22 are higher 
than those at the other regions. From the morphological point of view, it is reasonable 
to consider that this abundance inhomogeneity is derived from the breakout or the 
thinness of the cavity wall of the Loop. 

Key words: ISM: abundances — ISM: individual (Cygnus Loop) — supernova 
remnants — X-rays: ISM 

1. Introduction 

The Cygnus Loop is one of the brightest supernova remnants (SNRs) in the X-ray sky. 
The age is estimated to be ~10,000 yr and the distance is comparatively close to us (540 pc; 
Blair et al. 2005). The apparent size is quite large (2°. 5 x 3°. 5; Levenson et al. 1997), which 
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enables us to study the plasma structure of the Loop. From the morphological point of view, 
the Cygnus Loop is a typical shell-like SNR and it is almost circular in shape. This structure 
is thought to be generated by a cavity explosion (Levenson et al. 1997). 

Although the Cygnus Loop is an evolved SNR, a hot plasma is still confined inside the 
Loop (Tsunemi et al. 1988; Hatsukade & Tsunemi 1990). Tsunemi et al. (2007) observed the 
Cygnus Loop along the diameter from the northeast (NE) to the southwest (SW) with the 
XMM-Newton observatory and showed that the Cygnus Loop consists of two components with 
different temperatures and metal abundances. They concluded that the low-fcTg component 
originating from the cavity wall surrounds the high-fcTg ejecta component. From the metal 
abundances of the ejecta component, they calculated the progenitor mass of the Cygnus Loop 
and concluded that this SNR is originated from the 12-15M0 explosion. Levenson et al. (1998) 
also estimated the progenitor mass to be 15 Mq from the size of the cavity. These results show 
that the progenitor star of the Cygnus Loop was a massive star and caused a core-collapse 
explosion. 

Miyata et al. (2007) observed the NE rim (NE2) of the Loop with the Suzaku observatory 
and showed the abundances of C to Fe to be depleted (typically ~0.1 times solar) in their 
field of view (FOV). Katsuda et al. (2008a) expanded their observation northward (NE1-NE4; 
including the FOV of Miyata et al. 2007) with Suzaku and found that a portion of their FOV, 
the outer edge of the rim in NE3-NE4, only shows the relatively high abundances while the 
other regions are uniformly depleted. Katsuda et al. (2008b) confirmed it by Chandra. Tsunemi 
et al. (2009)-^ also found the abundance-enhanced region at the southeastern (SE) rim with the 
Suzaku observatory. Although Katsuda et al. (2008b) and Tsunemi et al. (2009) discussed a few 
possibilities for the origin of the abundance inhomogeneities, the origin of these inhomogeneities 
remains in question. 

We observed the northern rim of the Cygnus Loop with Suzaku in 5 pointings. Our 
region observed is contiguous with that of Katsuda et al. (2008a). We report here the result of 
the observation showing the metal enhanced region in the northern rim of the Loop. 

2. Observations 

We summarized the 5 observations in table 1. Their FOV are shown in figure 1 left panel 
with the white solid squares. We also show the FOV of the other rim observations with the 
white dotted squares: four pointings of the northeastern rim (NE1-NE4; Katsuda et al. 2008a) 
and a SE rim observation (P27; Tsunemi et al. 2009). We intended to expand our observation 
westward from NE1-NE4 along the rim. We note that the FOV of P21 is next to that of NE4. 

All the data were analyzed with version 6.5.1 of the HEAsoft tools. For the reduction of 
these data, we used the version 9 of the Suzaku Software. The calibration database (CALDB) 

^ The data available at http://arxiv.org/pdf/0810.5209vl 



2 



Table 1. Summary of the 5 observations 



Obs. ID 


Obs. Date 


Coordinate (J2000) (RA, DEC) 


Position Angle 


Effective Exposure 


^D'^n^yni n rP9i 

oyjoKJO t yj A-KJ \± Z(± j 




onhrom^oso QOOo/^/i q//q 
^o. oZ( Z(U xy. yj 


f^l ° Q 

U ± .c/ 




503058010 (P22) 


2008-06-03 


20^51""17f2, 32°25'24f'6 


61°.4 


5.9ksec 


503059010 (P23) 


2008-06-03 


20M9""50f6, 32°21'50f'8 


61°.9 


19ksec 


503060010 (P24) 


2008-06-04 


20M8"^28f2, 32°ir44f'5 


61°.4 


lOksec 


503061010 (P25) 


2008-06-04 


20M7"^22f7, 32°10'22f'8 


60°.9 


21 ksec 



used was the one updated in September 2008. We used the revision 2.2 of the cleaned event 
data and combined the 3x3 and 5x5 event files. All the data were taken by using the spaced 
row charge injection (SCI) method (Prigozhin et al. 2008) which reduces the effect of radiation 
damage of the XIS and recovers the energy resolution, for example, from 205±6eV to 157±4eV 
at the He-like Fe K line. In order to exclude the background flare events, we obtained the good 
time intervals (GTIs) by including only times at which the count rates are within ±2a of the 
mean count rates. 

The Cygnus Loop is a large diffuse source and our FOV are almost filled with the 
SNR's emission. We also have no background data from the neighborhood of the Cygnus Loop. 
We therefore applied the Lockman Hole data for the background subtraction. We reviewed the 
effect of the Galactic Ridge X-ray Emission (GRXE). The flux of the GRXE at / = 62°, |6| < 0°.4 
is 6 X 10"-^^ erg-cm~^s"Meg~^ (0.7-2.0keV) (Sugizaki et al. 2001). Although the Cygnus Loop 
(/ = 74°, b = -8°. 6) is located outside of the FOV of Sugizaki et al. (2001), this value gives 
us an upper limit of the GRXE at the Cygnus Loop. Meanwhile, the total count rate of the 
Cygnus Loop is 1659 counts/s (0.8-2.01 keV) (Aschenbach & Leahy 1999), the flux is estimated 
to be 1.68 X 10~^° erg-cm~^s~^deg~^, assuming that the effective area of the ROSAT HRI is 
80 cm^ and that the Cygnus Loop is a circle of 3°.0 in diameter. This value is consistent with 
the results from our FOV. Therefore, we concluded that the effect of the GRXE on the Cygnus 
Loop is vanishingly small. The solar wind charge exchange (SWCX) is also considered to be one 
of the correlates of the soft X-ray background below IkeV (Fujimoto et al. 2007). However, in 
terms of the Cygnus Loop, we consider that the SWCX is negligible because of the prominent 
surface brightness of the Loop. Thus, for the background subtraction, the Lockman Hole data 
obtained in May 2008 were applied. These observation dates were close to those of the Cygnus 
Loop observations and we confirmed that they have no background flares below 1 keV. Since 
there were no photons above 3.0 keV after the background subtraction, the energy ranges of 
0.2-3.0 keV and 0.4-3.0 keV were used for XISl (back-illuminated CCD; BI CCD) and XIS0,3 
(front-illuminated CCD; FI CCD), respectively (Koyama et al. 2007). 
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3. Spectral Analysis 

Figure 1 right shows the three-color X-ray image for P21-P25 using Suzaku XIS data 
after correcting for exposure and vignetting effects. Red, green and blue correspond to the 
energy ranges of 0.3-0.5 keV, 0.5-1.0 keV and 1.0-3.0 keV, respectively. To investigate the plasma 
structure of the northern rim of the Loop, we divided our FOV into several box regions as shown 
in figure 1 right middle. In order to equalize the statistics, we initially divided all images of 
XISl into two parts and if each divided region has more than 10,000 photons, it was once again 
divided. In this way, we obtained 115 box regions. Each region contains 5,000-10,000 photons 
for XISl. The side length of each box ranges from 2^3 to 9^0. Therefore, box sizes are not 
smaller than the angular resolution capability of the Suzaku XIS. We grouped 115 spectra into 
bins with a minimum of 20 counts so that statistics is appropriate. In order to generate a 
response matrix file (RMF) and an ancillary response file (ARF), we employed xisrmfgen and 
xissimarfgen (Ishisaki et al. 2007) for our data. We generated ARFs for "extended sources" . 

We first applied an absorbed single-ZcTg component of non-equilibrium ionization (NEI) 
plasma model for all the spectra. We employed TBabs (Tuebingen-Boulder ISM absorption 
model; Wilms et al. 2000) and VNEI (NEI ver.2.0; Borkowski et al. 2001) in XSPEC version 
12.4.0 (Arnaud 1996). In this model, the abundances of C, N, O, Ne, Mg, Si and Fe were 
free while we set the relative abundances of S to the solar value (Anders & Grevesse 1989) 
equal to that of Si, Ni equal to Fe. Other elements were fixed to their solar values. Other 
parameters were all free such as the electron temperature /cTg, the ionization timescale r (a 
product of the electron density and the elapsed time after the shock heating), and the emission 
measure (EM = / UeTi^dl^ where and are the number densities of hydrogen and electron, 
dl is the plasma depth). We also set the column density Ah free. The spectra are reasonably 
well fitted by the single- fcTg VNEI model for almost all regions. The values of the reduced 
show around 1.5 and the degrees of freedom (dof) are 300-400. We also fitted all the spectra 
with the two-fcTg VNEI model in which the values of the abundances and r were tied in two 
components. This model was applied for the NE rim observations in Miyata et al. (2007) and 
Katsuda et al. (2008a). However, this model does not improve the values of for almost 
all regions and the best-fit parameters are consistent with those obtained from the single-fcTg 
VNEI model. Therefore, we concentrate on the results of the single-fcTg VNEI model in what 
follows. 

The example spectra and the best-fit curves are shown in figure 2. The best-fit parame- 
ters are shown in table 2. We also show the spectral extracted regions in figure 1 right middle. 
These two spectra are taken from the regions where N, O and Ne are relatively abundant 
(region-A) and depleted (region-B). From figure 2, we can clearly see the difference in the fea- 
ture of each spectrum: the spectra obtained from region-B is smoother than that from region-A 
and the line emissions of some elements such as N, O and Ne are prominent in region-A. The 
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best-fit parameters in table 2 support tliese differences statistically. The abundances of N, O 
and Ne are significantly higher in region- A than those in region-B. Figure 3 shows the maps of 
the best-fit parameters obtained from all 115 spectra. The images are smoothed by Gaussian 
kernel of c^=1.5^ The color code scale is normalized by the maximum values. From figure 3, 
the values of kT^ distribute around 0.3 keV and those in the inner region of P23 are higher than 
the other parts of our FOV. The values of log(r) are higher in the west than those in the east 
and spread between 10.5-11.5. Some elements such as N, O and Ne are particularly abundant 
in the outer edge of the rim in P21-P22 while they seem to be depleted inward. These results 
suggest that the abundances of these elements have radial dependencies. Then, we determined 
the spectral extraction regions in different way to investigate the plasma structure from the 
inner side to the outer edge of the rim. 

As shown in figure 1 right bottom, we divided our FOV into several annular sectors. We 
set the center of the annular regions to the "geometric center" estimated by Levenson et al. 
(1998). It is located on a =20^51^21^ S =3ror37'^ determined by fitting the ROSAT HRI 
map of the Cygnus Loop by the model circle. We set the annular width to 2^ which is restricted 
by the angular resolution capability of the Suzaku XIS. The distance from the geometric center 
ranges from 72' to 88^ In this way, we have totally 36 annular sectors from 5 observations. 
Figure 4 shows two examples of the spectra from P21. One is extracted from the outer edge 
of the rim (i?=88^, where R represents the angular distance from the center) and the other, 
extracted from the inner region (i?=76^). As is the case in figure 2, the emission lines of N, 
O, and Ne appear more in the outer region (i?=88^) than those in the inner one (i?=76^). The 
best-fit curves and the best-fit parameters with the single-fcTg VNEI model are shown in figure 
4 and table 3, respectively. From table 3, we found that the abundances of some elements such 
as N, O, Ne, Mg and Fe are significantly higher at R=88' than those at R=7&. Figure 5 shows 
the radial plot of the best-fit parameters, fcTg, log(r), and abundances of various elements as a 
function of R. We found that the abundances of N, O, and Ne increase toward the outer edge 
of the rim only in P21-P22. This result is consistent with that of figure 3. 

4. Discussion and Conclusion 

4.1. Abundance depletion at the rim of the Cygnus Loop 

Miyata et al. (1994) observed the NE rim of the Loop (overlapping with the NE2 region) 
with ASCA and found the deficient metal abundances there (typically ~0.1 times solar). Miyata 
et al. (2007) confirmed it with the Suzaku satellite. The abundance depletion is also seen at 
the other side of the Loop (Leahy 2004). Leahy (2004) observed SW rim of the Loop with 
Chandra and showed that the abundance of the 0-group (C, N and O) is depleted about twice 
as that of the Ne-group (Ne, Mg, Al, Si, S and Ar) and the Fe-group (Ca, Fe and Ni). He 
showed the 0-group abundance to be 0.22 times the solar value. Likewise, several other X-ray 
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Fig. 1. Left: ROSAT HRI image of the entire Cygnus Loop. The Suzaku FOV are shown with white 
rectangles. The dotted and sohd hnes represent the past and our observations, respectively. Right top: 
Three-color X-ray image for P21-P25 using XIS data. Red, green and blue correspond to the energy ranges 
of 0.3-0.5 keV, 0.5-1.0 keV and 1.0-3.0 keV, respectively. Right middle: Same as the right top panel, but 
for overlaid with the spectral extraction regions with white rectangles. Right bottom: Same as the right 
middle panel, but for the different spectral extraction regions. 




Energy (keV) Energy (keV) 

Fig. 2. Example spectra from the regions where N, O and Ne are abundant (region- A: left) and depleted 
(region-B: right), respectively. The best-fit curves are shown with solid line. The residuals are shown in 
the lower panels. Black, red, green correspond to the XIS 0, 1, 3, respectively. 
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Table 2. Spectral fit parameters 



Parameter 


region- A (VlNbij 


„ T~) /A ^ATT7'T^ 

region-B (VlNblj 


INh [iU cm J 


l.U ± U.l 


1.0 ± 0.1 


Kle [KeVJ 


n oo +0.04 
^"^^ -0.07 


n /lo +0.04 

_o.05 


C 


^ +2.79 
0-81 -0.43 


^ ^ Q +0.16 

0-18 -0.13 


A.T 

IN 


n +0.72 
0-61 -0A5 


< 0.06 


o 


n /ic +1.03 


n 1 n +0.03 
0.10 To.02 


iNe 


-, n/1 +2.03 


n 9/1 +0.06 


Mg 


0.56 ± 0.18 


n +0.08 

0-25 I0.O6 


Si (=S) 


< U.iY 


n 1 Q +0.12 
0-18 -0.10 


Fe (=Ni) 


0.58 1^3^ 


-0.03 


log(r) 


10.52 to.07 


10.79 


EM [lO^Ocm-^] 


0.24 ± 0.01 


0.23 ± 0.09 




672/437 


398/322 



studies reported such low metal abundances (Miyata et al. 1998; Miyata & Tsunemi 1999; 
Tsunemi et al. 2007; Katsuda et al. 2008a; Katsuda et al. 2008b; Tsunemi et al. 2009). It 
seems to be a common result at the rim of the Cygnus Loop. Our result confirmed this trend 
at the northern rim of the Loop, except the outermost part of P21-P22 (e.g. see figure 3). 

Cartledge et al. (2004) observed the O and H absorption line and measured the inter- 
stellar O along 36 sight lines. The results indicate that the 0/H ratio is homogeneous within 
800pc of the sun and that the O abundance is ~0.4 times the solar value. Since the Cygnus 
Loop is located at 540pc of the sun, the O abundance is expected to be that of the interstellar 
medium (ISM). The past observations do not show such values and it is not clear why the O 
abundance and the other elemental abundances are all deficient at the rim of the Loop. 

Raymond et al. (2003) studied the effect of the resonance-scattering for the O VI emission 
from the FUV observations in the NE rim of the Cygnus Loop. Miyata et al. (2008) proposed 
that the effect of the resonance-line-scattering optical depth lowers the apparent abundances of 
some elements on the basis of the NE2 observation. They calculated the optical depths in their 
FOV for some K emission lines (C VI Ka, N VI Ka, O VII Ka, O VIII Lya, and Ne IX Ka) 
and concluded that the optical depth effects play a significant role in the X-ray emission lines, 
particularly those of O. They calculated that the O abundance is underestimated by a factor 
of 20-40% in the NE rim where the O emission is the highest in the Cygnus Loop. However, 
it is not sufficient to account for the abundance depletion in the NE rim. The resonance-line- 
scattering effect depends linearly on the column density, the product of the density and the 
plasma depth. We here assume that the Cygnus Loop is spherical symmetric and the filling 
factor in the shell region is unity. Then, the plasma depths in the NE rim and our FOV are 
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the same with each other, since these regions are located at about the same radii. Therefore, 
the resonance-hne-scattering effect depends only on the density which in this case squarerootly 
depends on the EM or the surface brightness. Since the surface brightness in our FOV is lower 
than that in the NE rim, the resonance-line-scattering effect should be even less significant in 
our FOV than that in the NE rim. Therefore, we can conclude that the effect of the resonance- 
line-scattering is not sufficient enough to account for the abundance depletion observed in our 
FOV. 

The other possibility is the effect of the circumstellar grain. In general, the grain con- 
densation depletes the abundance of the heavy elements such as C, O, Mg, Si and Fe (Savage & 
Sembach 1996). The cavity wall is considered to be an ISM material pushed into a shell by the 
stellar wind and radiation while the progenitor was on the main sequence. There is a possibility 
that the ISM grains were destroyed by shocks as the shell expanded (Vancura et al. 1994) and 
that the condition of the abundance of grain influences the values of the metal abundances. 
However, this model does not explain the depletion of rare gasses such as Ne and it remains 
unclear why the metal abundances show low values almost everywhere in the cavity wall. 

4-2. Abundance- enhanced region at the outermost edge of the Cygnus Loop 

On the other hand, some recent observations revealed that the limited regions show high 
abundances (Katsuda et al. 2008a; Tsunemi et al. 2009). Katsuda et al. (2008a) analyzed the 
Suzaku data of the NE rim (NE1-NE4) and found that the abundances of the heavy elements 
have relatively high values (C-0.7, N-0.7, O-0.4, Ne-0.6, Mg-0.3 and Fe-0.3) only at 
the outermost edge in NE3-NE4, while the other regions show relatively depleted abundances. 
They also showed the abundance ratios of Mg/0 and Fe/0 are lower in the abundance-enhanced 
region than those in the other regions. Katsuda et al. (2008b) made an additional observation 
with Chandra and confirmed these results. The abundance-enhanced region is about 30^x3' 
with relatively weak surface brightness. Tsunemi et al. (2009) observed the SE rim (P27) with 
Suzaku and showed that the similar abundance-enhanced regions are seen in their FOV (C^O.6, 
N^O.9, O~0.4, Ne^O.7, Mg~0.5 and Fe~0.5). The width of the abundance-enhanced region is 
^3^ It is striking that these regions are both located at the outermost edges of the rims, while 
the inner regions usually show the metal deficient abundances like the other rim observations. 

Our FOV is next to that of Katsuda et al. (2008a). From figures 3 and 5, we found 
that the abundances of N, O and Ne are relatively high at the outermost edge in P21-P22. 
It continues into the abundance-enhanced region in NE3-NE4 and these values of abundances 
are similar to each other. In addition, as shown by Katsuda et al. (2008a) in NE3-NE4, low 
abundance ratios (< 1) of Mg/0 and Fe/0 are also seen at the abundance-enhanced region in 
our FOV. Figure 6 shows the distributions of the ratios of Mg/0 and Fe/0 in our FOV. For 
comparison, we also show the Ne/0 map in the same figure. Red, green and blue represent 
the regions where the relative abundances show more than 1.5, from 1 to 1.5, and less than 1, 
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respectively. From figure 6, the values of the Ne/0 are more than 1.5 times higher than the 
solar values for all regions. On the contrary, the Mg/0 and the Fe/0 are both lower than the 
solar values at the abundance-enhanced regions in P21-P22. In view of these facts, it is natural 
to consider that the abundance-enhanced regions in NE3-NE4 and P21-P22 have the similar 
origin. 

Katsuda et al. (2008b) presumed that the abundance inhomogeneity in NE3-NE4 is due 
to the break of the cavity wall of the Loop. Falle & Gralick (1982) and ShuU & Hippelein 
(1991) both argue for an incomplete cavity of the Cygnus Loop, and the former also makes the 
case that the north part of the Loop is a very large scale breakout. In that case, NE3-NE4 
and our regions observed entirely should have normal ISM abundances. However, Levenson 
et al. (1997) and Levenson et al. (1998) presented the spherical-cavity model and in that case, 
the blast wave where a small breakout exists could overrun the cavity wall and proceed first 
into the surrounding ISM with the ISM metallicity. Thus, the abundances there could reflect 
the values of the ISM abundance. Although the Cygnus Loop is almost circular in shape, 
some observations show that the thickness of the cavity wall is not uniform. Kimura et al. 
(2009)^ observed northern region of the Loop from NE to SW with the Suzaku satellite and 
revealed that the swept-up matter shell is very thin in just the west of center of the Loop. 
They estimated the diameter of this thin shell region to be 1° and concluded that the breakout 
exists along the line of sight. We can also see such breakout in the south of the Loop called 
the "blow-out" region (Aschenbach & Leahy 1999). Uyaniker et al. (2002) and the other radio 
observations (Uyaniker et al. 2004; Sun et al. 2006) suggest the existence of a secondary SNR 
in the south. However, from the X-ray observation with XMM-Newton^ Uchida et al. (2008) 
showed that the X-ray shell is thin in the blow-out region and concluded that the origin of the 
blow-out can be explained as a breakout into a lower density ISM. These results suggest that 
the ambient density of the Loop is not uniform while the Loop seems to be spherical symmetry. 
The abundance-enhanced regions previously observed have relatively weak surface brightnesses 
in X-ray (see figure 1). As Levenson et al. (1999) point out, the bright soft X-ray emission 
can result from a slower shock speed in denser cavity material. Conversely, the weak surface 
brightness at the abundance-enhanced regions observed suggest that the breakout or the thin 
cavity wall exists there. 

We also confirmed it from the morphological point of view. Figure 7 shows the ROSAT 
HRI image of the entire Cygnus Loop and its contour (blue line). The geometric center and 
a circle with radius ~ 1°.4 are shown by the magenta lines. From figure 7, there are three 
outwardly-projecting shell regions where the rims are over the magenta circle, except the large 
south blow-out: a part of the NE rim (NE3 to P21), northwestern (NW) rim (P24 and P25), and 
the SE rim (P27). Under the assumption that the supernova explosion occurred at the geometric 
center, the cavity walls toward these directions are considered to be thinner than those toward 

2 The data available at http://arxiv.org/pdf/0810.4704vl 
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Table 3. Spectral fit parameters 



Parameter R=88' (VNEI) R=76' (VNEI) 



Nh [1020cm-2] 


1 o +0.7 
^"^ -0.6 


/2 +0.7 
^•'^ -1.0 


kTe [keV] 


0.34 ± 0.04 


n 9Q +0-03 

u.zy _o.o2 


C 


0.58 lo.47 


0.29 ± 0.13 


N 


0.57 t'oil 


0.08 1^04 





„ „ . _i_n 91=; 
0.34 t'^ofo 


^ ^ ^ _i_n n*^ 

0.10 l^a 


Ne 


0.61 t°;f6 


0.21 iro4 


Mg 


-0.18 


-0.04 


Si (=S) 


'-'•-'-^ -0.10 


0.23 iro^ 


Fe (=Ni) 


47 +0-34 
-0.18 


0.19 t'ofs 


log(r) 


ID ^^4 

iU..3^ _0.09 


1110 +°-^° 

ii.iU _o.i9 


EM [lO^Ocm-^] 


0.26 ± 0.01 


3.05 ± 0.06 




671/448 


963/640 



the other ones. Among these projecting sheU regions, the NE and the SE rims clearly show the 
abundance-enhanced regions from previous (NE3-NE4, P27) and our observations (P21-P22). 
It is reasonable to consider that the abundance inhomogeneities in these regions are derived 
from the breakout or the thinness of the cavity wall. As for the NW rim, the abundances 
there show low values compared with those at the edges of the NE or the SE rims (see figure 
3). However, even in this region, the abundances such as N , O and Ne at the outer edge are 
slightly higher than those at the inner region. This fact suggests that the outer edge of the 
NW rim shows the sign of the abundance-enhancement as is the case with those of the NE and 
the SE rims. Then, we concluded that the blast wave in the NW is now proceeding into the 
outside of the cavity wall and begins to interact with the surrounding ISM. 

We speculate that there are many breaks of the cavity wall in the Cygnus Loop where 
the abundances show the values of the ISM. However, the spectra at these regions should 
be observed as the superpositions of those with the depleted abundances in the line of sight. 
Therefore, the abundance-enhanced regions where we can observe are limited at the outer edges 
of the Loop. 
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Energy (keV) Energy (keV) 

Fig. 4. Example spectra extracted from the outer edge of the rim {R=SS') and the inner region {R=7&). 
The best-fit curves are shown with solid line. The residuals are shown in the lower panels. Black, red, 
green correspond to the XIS 0, 1, 3, respectively. 
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Fig. 5. Radial plot of /cTg, log(r), and abundances of various elements as a function of R. Black, red, 
green, blue and light blue correspond to P21, P22, P23, P24 and P25, respectively. 
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Fig. 6. Distributions of the relative abundances of Ne/0, Mg/0 and Fe/0. Red, green and blue represent 
the regions where the relative abundance show more than 1.5, from 1 to 1.5, and less than 1, respectively. 




Fig. 7. ROSAT HRI image of the entire Cygnus Loop and its contour (blue line) overlaid with our FOV 
(black solid line) and those of Katsuda et al. (2008a) and Tsunemi et al. (2009) (dotted line). The 
geometric center and a circle with radius ~ 1°.4 are shown by the magenta lines. 
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